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We study the influence of mutual interaction on the conformation of flexible poly(propyleneamine)
dendrimers of fourth generation in concentrated solution. Mixtures of dendrimers with protonated
and deuterated end groups are investigated by small-angle neutron scattering up to volume fractions
of 0.23. This value is in the range of the overlap concentration of the dendrimers. The contrast be-
tween the solute and the solvent was varied by using mixtures of protonated and deuterated solvents.
This allows us to investigate the partial structure factors of the deuterated dendrimers in detail. An
analysis of the measured scattering intensities reveals that the shape of the flexible dendrimers is
practically independent of the concentration in contrast to the pronounced conformational changes
of flexible linear polymers.
I. INTRODUCTION
Dendrimers are macromolecular structures that ex-
hibit a defined tree-like architecture.1,2,3,4 Figure 1
displays a flexible poly(propyleneamine) dendrimer of
fourth generation. The subsequent units are emanating
from a focal unit and a monodisperse macromolecular
structure results. In this way, dendrimers combine prop-
erties of polymers and colloids3 and may find applications
such as contrast agents in magnetic resonance imaging,5,6
light-harvesting systems,7 and drug-delivery systems.8,9
Up to now, the spatial structure of dendrimers is fully
understood in the limit of infinite dilution. Figure 1
immediately demonstrates that flexible dendrimers pos-
sess a large number of conformational degrees of free-
dom which follow from rotations about various chemical
bonds. Hence, the terminal groups can fold back. As a
result of these conformational degrees of freedom, flexi-
ble dendrimers adopt a dense core structure (see the dis-
cussion in Refs.3,10,11,12). On the other hand, no back-
folding of the terminal groups can occur in the case of
rigid dendrimers such as polyphenylene dendrimers13,14
or stilbenoid dendrimers.15
Much less is known about the structure and in-
teraction of flexible dendrimers in concentrated so-
lutions. Compared to the huge number of papers
on dendrimers in general, only a small number of
theoretical16,17,18,19,20,21,22,23,24,25,26,27 and experimental
studies11,28,29,30,31 focus on properties of dendrimers at
higher concentrations. Thus, Topp et al.29 studied solu-
tions of poly(propyleneimine) dendrimers (mass fractions
between 0.01 and 0.80) by small-angle scattering tech-
niques. They concluded that the size of the dendrimers
decreases upon increasing the dendrimer concentration.
Bodnar et al.30 conducted small-angle neutron scattering
and rheological measurements at higher concentrations
of poly(propyleneimine) dendrimers. These authors sug-
gest dendrimer clustering and interpenetration with in-
creasing concentration. Sagidullin et al.31 studied the
self-diffusion coefficient of flexible dendrimers up to high
volume fractions and obtained the respective scaling ex-
ponents.
The first theoretical treatment of the interaction of
flexible dendrimers is due to Likos and coworkers.16
Starting from the Gaussian density distribution of a flex-
ible dendrimer of fourth generation, they demonstrated
that the interaction potential U(r) can be directly de-
rived from this density distribution. For not too con-
centrated solution U(r) has been modeled by a Gaus-
sian in good agreement with experimental data.17 A sig-
nificant difference between the measured and the calcu-
lated structure factor was only observed at the highest
concentration. Goetze et al.21 employed monomer re-
solved computer simulations to examine the significance
of many-body effects in concentrated dendrimer solu-
tions. They reported that the effects of many-body forces
are small in general and become weaker as the dendrimer
flexibility increases. More recently, this problem was
re-considered by Terao who performed coarse-grained
molecular dynamics simulations of charged dendrimers in
aqueous solution in order to clarify the influence of many-
body interactions in concentrated solution.24,25 Mladek
et al.27 showed that amphiphilic dendrimers form clusters
of overlapping particles in the fluid, which upon further
compression crystallize into cubic lattices with density-
independent lattice constants.
Summarizing the work done so far only Ref.17 has given
a quantitative comparison between theory and experi-
ment. It seems fair to say that a comprehensive study of
the interaction of flexible dendrimers in concentrated so-
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FIG. 1: Chemical structure of the functionalized
poly(propyleneamine) dendrimer of fourth generation
G4-H having protonated end groups in (A) and the same
dendrimer but with deuterated end groups G4-D in (B).
lution is still missing. Moreover, we lack further insight
into possible distortions of the structure of flexible den-
drimers due to mutual interaction. Many soft materials
such as flexible polymers (see, e.g., Refs.33,34), bottle-
brush polymers (see, e.g., Refs.35,36), semiflexible poly-
electrolytes (see, e.g., Refs.37,38), polyelectrolyte brushes
(see, e.g., Refs.39,40), and microgels (see, e.g., Refs.41,42)
can be induced to change their shape due to various inter-
actions. Up to now, a similar analysis of possible shape
distortions of flexible dendrimers at high concentrations
is still missing.
sample φ φH φD contrast
S1 0.15 0.12 0.03 G4-H
S2 0.15 0.15 0
S3 0.23 0.03 0.20 G4-D
S4 0.23 0.23 0
TABLE I: Overview of the investigated samples. The vol-
ume fractions of the protonated and partially deuterated den-
drimers are denoted as φH and φD, respectively. φ = φH+φD
is the total volume fraction of the dendrimers. The scattering
length density of the solvent (contrast) has been chosen such
that samples S1 and S3 are investigated at the match point
of the G4-H and G4-D dendrimers, respectively.
Here we present a study of the interaction of flexible
dendrimers of fourth generation in concentrated solution.
As the method, we chose small-angle neutron scattering
(SANS).43 Small-angle scattering is the method of choice
because it allows us to study the spatial correlations that
arise from the excluded volume interactions between the
monomers of different dendrimers in the solution. Par-
tially deuterated dendrimers are mixed with the same
but protonated dendrimers in dimethylacetamide (DMA)
which is a good solvent for this system. As in our previ-
ous study of a one-component system10 contrast variation
between the solute dendrimer and the solvent is used by
use of mixtures of protonated and the deuterated (DMA).
In this way the partial scattering intensities of the deuter-
ated species becomes available. This allows us to investi-
gate both the structure and the interaction of dendrimers
in concentrated solution. In particular, such a study can
clearly reveal whether the conformation of dendrimers
will be distorted by mutual interaction in concentrated
solution.
II. EXPERIMENTAL SECTION
The G4-H dendrimer was synthesized according to
Ref.44. The specific volume of the G4-H dendrimer was
determined to be ν¯ = 0.84 ± 0.01 cm3/g using a DMA-
60-densitometer (Paar, Graz, Austria). The partially
deuterated dendrimer G4-D was synthesized using fully
deuterated phenylisocyanate. The specific volume of the
G4-D dendrimer has the value ν¯ = 0.82 ± 0.01 cm3/g.
Protonated DMA (Fluka, analytical grade) and deuter-
ated DMA (DMA-d9, degree of deuteration 99%, Deutero
GmbH) were used as received.
We investigated various mixtures of flexible dendrimers
of fourth generation with protonated and deuterated end
groups by SANS. An overview of the samples is given in
Table I, in which we also indicate if the measurements
have been performed at the match point of a dendrimer.
The SANS measurements were done using the instru-
ment D11 at the Institut Laue-Langevin. Software pro-
vided at the instrument were used to obtain the ra-
dial averaged intensities in absolute scale.45,46 Further
3data treatment was carried out according to literature
procedures.10,11,15 For all data shown here, the rates of
incoherent scattering caused by the protons were deter-
mined at high scattering vector, set as a constant and
subtracted from the bare data.
III. THEORY
A. Scattering intensity and Ornstein-Zernike
equations
SANS determines the scattering intensity I(q) as a
function of the scattering vector q and the concentration
of the dissolved particles. In addition to the coherent
scattering Icoh(q), there is always an incoherent contri-
bution Iincoh that is due to the protons present in the
particles under consideration. The scattering intensity
can be written as
I(q) = Icoh(q) + Iincoh . (1)
Note that in the notation the dependence on the con-
centration is suppressed The q-independent incoherent
contribution Iincoh of individual particles must be sub-
tracted carefully from experimental data in order to ob-
tain meaningful results on the structure and interaction
of the dissolved particles.11 The systems under consid-
eration are solutions. In view of the mesoscopic scale
of the particles, the solvent will be modeled as struc-
tureless continuum providing a homogeneous scattering
length density.
In general we consider a multicomponent system in-
volving ν species of particles with particle numbersNH in
the volume V . Each particle of a species H (1 ≤ H ≤ ν)
carries nH scattering units. The coherent contribution
to the scattering intensity in the ν-component system is
given by
Icoh(q) =
ν∑
H=1
ν∑
D=1
IHD(q) , (2)
with the partial scattering intensities
IHD(q) =
1
V
〈
nH∑
i=1
nD∑
j=1
NH∑
α=1
ND∑
γ=1
b
(α)
iH b
(γ)
jDe
iq·
“
r
(α)
iH
−r
(γ)
jD
”〉
.
(3)
Here r
(α)
iH is the position vector of the i-th scattering unit
(1 ≤ i ≤ nH) of the α-th particle (1 ≤ α ≤ NH) of
species H . The difference of the scattering length of this
scattering unit and the average scattering length of the
solvent is denoted as b
(α)
iH , and 〈 〉 is an ensemble average.
It proves convenient to decompose the partial scatter-
ing intensities according to
IHD(q) = ρ˜H ω˜H(q)δHD + ρ˜H ρ˜Dh˜HD(q) , (4)
where
h˜HD(q) =
V
NHNDnHnD
×
〈
nH∑
i=1
nD∑
j=1
NH∑
α=1
ND∑
γ=1
γ 6=α
b
(α)
iH b
(γ)
jDe
iq·
“
r
(α)
iH
−r
(γ)
jD
”〉
(5)
is a particle-averaged total correlation function for pairs
of particles of species H and D. The scattering unit
number density of particles of species H is designated by
ρ˜H = NHnH/V . The particle-averaged intramolecular
correlation function
ω˜H(q) =
1
NHnH
〈
nH∑
i=1
nH∑
j=1
NH∑
α=1
b
(α)
iH b
(α)
jH e
iq·
“
r
(α)
iH
−r
(α)
jH
”〉
(6)
characterizes the scattering length distribution, and
hence also the geometric shape of particles of species
H . While the particle-averaged intramolecular correla-
tions functions account for the interference of radiation
scattered from different parts of the same particle in
a scattering experiment, the local order in the fluid is
characterized by the total correlation functions. In the
case of chemically homogeneous particles characterized
by bH = b
(α)
iH , the partial scattering intensities defined in
Eq. (4) can be written as
IHD(q) = ρ˜H(bH)
2ωH(q)δHD + ρ˜H ρ˜DbHbDhHD(q)
(7)
with (bH)
2ωH(q) = ω˜H(q) and bHbDhHD(q) = h˜HD(q).
The total correlation functions hHD(q) are related to a
set of direct correlation functions cHD(q) by generalized
Ornstein-Zernike equations of the polymer reference in-
teraction site model (PRISM), which in Fourier space
read47,48,49
hHD(q) =
ν∑
A=1
ωH(q)cHA(q) (ωA(q)δAD + ρ˜AhAD(q)) .
(8)
This set of generalized Ornstein-Zernike equations must
be supplemented by a set of closure equations. The
PRISM integral equation theory has been successfully
applied to various experimental systems such as monodis-
perse (ν = 1) polymers35,50,51 and rigid dendrimers,15,26
binary mixtures (ν = 2) of charged colloids,52,53 three-
component mixtures (ν = 3) of charged colloids and salt
ions,54,55 as well as polydisperse (ν ≫ 1) nanoparticles56
and polyelectrolyte brushes.57
B. Decoupling approximation
A common decoupling approximation is to assume that
the conformations of two particles are independent of
4each other and of the two mutual positions of their center-
of-mass (cm), such that the statistical average in Eq. (5)
factorizes. In this case the coherent contribution to the
scattering intensity for a binary mixture (ν = 2) is given
by
Icoh(q) = ρHI
(0)
H (q)
(
1 + ρHh
(cm)
HH (q)
)
+ ρDI
(0)
D (q)
(
1 + ρDh
(cm)
DD (q)
)
+ 2ρHρD
√
I
(0)
H (q)I
(0)
D (q)h
(cm)
HD (q) , (9)
where ρH = NH/V is the number density of particles of
species H . The scattering intensity of a single particle of
species H reads
I
(0)
H (q) =
1
NH
NH∑
α=1
〈
nH∑
i=1
b
(α)
iH e
iq·l
(α)
iH
〉〈
nH∑
j=1
b
(α)
jH e
iq·l
(α)
jH
〉
,
(10)
where the position vector of the i-th scattering unit
on the α-th particle of species H is written as r
(α)
iH =
R
(α)
H + l
(α)
iH . Here R
(α)
H is the cm position vector of the
α-th particle of species H . Spatial pair correlations are
characterized by a set of cm− cm total correlation func-
tions
h
(cm)
HD (q) =
V
NHND
NH∑
α=1
ND∑
γ=1
〈
e
iq·
“
R
(α)
H
−R
(γ)
D
”〉
.(11)
These total correlation functions are related to cm −
cm direct correlation functions by the Ornstein-Zernike
relations22
h
(cm)
HD (q)=
∑
A∈{H,D}
c
(cm)
HA (q)
(
δAD + ρAh
(cm)
AD (q)
)
. (12)
The cm − cm correlation functions can be expressed
in terms of correlation functions between interaction
sites by considering the cm as an auxiliary site within
the PRISM.53,58 Such a relationship provides a direct
link between the correlation functions calculated from
the PRISM theory and the cm − cm correlation func-
tions which are the basic input into the coarse-graining
scheme. In particular the validity of the decoupling ap-
proximation can be investigated for particles of arbitrary
shape by comparing the calculated scattering intensities
with the results of the PRISM.58 The decoupling ap-
proximation together with the Ornstein-Zernike relation
[Eq. (12)] has been successfully applied to monodisperse
(ρD = 0) poly(propyleneamine) dendrimers of the fourth
generation17 although Eqs. (9) - (11) are based on uncon-
trolled factorization approximations. A computer simu-
lation study21 has revealed a breakdown of this factor-
ization approximation at high dendrimer particle number
densities similar to earlier findings for flexible polymers
based on a comparison with the results for the PRISM.58
Starting around the overlap concentration, the follow-
ing effects are expected: (a) The presence of many den-
drimers surrounding a given one leads to a deformation
of the dendrimer itself. With increasing concentration
the spatial structure of a single dendrimer is expected to
derivate more and more from the one given at infinite
dilution. (b) Concerning the intermolecular correlations
between the dendrimers many-body-correlations become
more likely upon increasing the concentration.
IV. RESULTS AND DISCUSSION
The systems under investigation are binary mixtures
(ν = 2) of functionalized poly(propyleneamine) den-
drimers of the fourth generation with protonated end
groups (G4-H) denoted as dendrimers of species H [see
Fig. 1 (A)]. The same dendrimers with deuterated end
groups (G4-D) are denoted as dendrimers of species D
[see Fig. 1 (B)]. All phenyl end groups of the G4-D den-
drimers have been fully deuterated to enhance their scat-
tering length as compared to the dendritic scaffold.10
Note that the overall structure of both dendrimers is
identical in the limit φ → 0 and the solvent DMA is
a good solvent for both systems.10 Therefore, the in-
tramolecular excluded volume interaction between the
monomers significantly influences the shape of the den-
drimers.
A. Scattering intensity of single dendrimers
As a prerequisite for studies on the coherent contribu-
tion Icoh(q) to the scattering intensity at various concen-
trations, we discuss first the scattering intensities I
(0)
H (q)
and I
(0)
D (q) [see Eqs. (9) and (10)] which have been deter-
mined earlier.10,11,12 It has been shown that these scat-
tering intensities can be split into three parts according
to
I
(0)
A (q) = b˜
2
AI
(S)
A (q) + 2b˜AI
(SI)
A (q) + I
(I)
A (q) ,
A ∈ {H,D} , (13)
where q = |q| and b˜A is the so-called contrast, i.e.,
the difference of the average scattering length density
of dendrimers of species A and the scattering length
density of the solvent. In the case of SANS, b˜A is
a parameter that can be varied by mixing protonated
and deuterated solvent (contrast variation).10 The term
I
(S)
A (q) is the Fourier-transform of a shape function TA(r)
that describes the statistical average over all possible
conformations of the dendrimers. This quantity has
been compared directly to results of computer simula-
tion studies.18,19 The term I
(I)
A (q) is related to the scat-
tering length inhomogeneity of the dendrimers, while the
term I
(SI)
A (q) presents the cross term between the former
contributions.10 For both types of dendrimers (G4-H and
54
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FIG. 2: The partial scattering intensities I
(I)
H
(q) [I
(SI)
H
(q)]
of the G4-H dendrimer (upper [lower] solid line) and I
(I)
D
(q)
[I
(SI)
D
(q)] of the G4-D dendrimer (upper [lower] dashed line)
together with I
(S)
H
(q) = I
(S)
D
(q) (dotted line) as obtained from
modeling scattering data from dilute solution10,12 according
to Eq. (13). An interpretation of these data leads to the fol-
lowing conclusions: The overall structure of both dendrimers
is identical (dotted line), an appreciable number of end groups
must fold back into the interior of the dendrimers (dashed
lines), and the scattering length distribution is rather homo-
geneous within in the G4-H dendrimer (solid lines).
G4-D) the shape term I
(S)
A (q) can be described by the
Gaussian function
I
(S)
A (q) = V
2
A exp
(
−
q2R2A
3
)
, A ∈ {H,D} , (14)
with the dendrimer volumes VH = 9.9± 0.3 nm
3,
VD = 9.7± 0.6 nm
3, and the radii RH = RD = 1.5± 0.2
nm.10,11 Hence the shape function TA(r) is also a Gaus-
sian function implying that these flexible dendrimers
have a dense-core structure.3 For the G4-H dendrimers
the terms I
(I)
H (q) and I
(SI)
H (q) are small as expected
for a rather homogeneous scattering length distribution
within in the G4-H dendrimers. On the other hand,
there is a pronounced difference between the scattering
power of the deuterated end groups and the remaining
hydrogen atoms in the case of the G4-D dendrimers.
Hence, the terms I
(I)
D (q) and I
(SI)
D (q) are non-negligible
due to the inhomogeneous scattering length distribution
within in the G4-D dendrimers. Figure 2 shows the
partial scattering functions I
(S)
H (q) = I
(S)
D (q) (dotted
line), I
(I)
H (q) (upper solid line), I
(I)
D (q) (upper dashed
line), I
(SI)
H (q) (lower solid line), and I
(SI)
D (q) (lower
dashed line) as obtained from modeling the experimental
data.10,12 An analysis of the Fourier-transform of I
(I)
D (q)
allows one to calculate the spatial distribution function
of the deuterated end groups of the G4-D dendrimers.
Such an analysis has revealed that the end groups are
dispersed throughout the dendritic molecule.3,10
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FIG. 3: Experimentally determined scattering intensities
Icoh(q)/φ of binary mixtures of G4-H dendrimers denoted as
dendrimers of species H [Fig. 1 (A)] and G4-D denrimers
denoted as dendrimers of species D [Fig. 1 (B)] as function
of the magnitude of the scattering vector q. For sample S1
(open squares) the partial volume fractions are φH = 0.12
and φD = 0.03, while φH = 0.15 and φD = 0 for sample S2
(open circles). The scattering intensities have been normal-
ized to the total volume fraction φ = φH + φD of the den-
drimers in the solution. Sample S1 has been investigated at
the match point of the G4-H dendrimers. The solid lines rep-
resent the scattering intensity calculated for a solution of in-
teracting dendrimers as obtained from Eq. (17) for sample S2
and Eq. (18) for sample S1. For comparison the dashed lines
depict the modeling by Eqs. (17) and (18) with hcm(q) = 0.
B. Scattering intensity of interacting dendrimers
Using the scattering intensities of single dendrimers
I
(0)
H (q) for G4-H and I
(0)
D (q) for G4-D [Eq. (13)] as well as
the Ornstein-Zernike equations [Eq. (12)], one can calcu-
late the coherent contribution to the scattering intensity
Icoh(q) for various particle number densities according to
Eq. (9). To this end we have solved the Ornstein-Zernike
equations together with the hypernetted chain closure
U
(cm)
HD (r)
kDT
= h
(cm)
HD (r)− ln
(
h
(cm)
HD (r) − 1
)
− c
(cm)
HD (r)
(15)
and the Gaussian cm− cm interaction potential
U
(cm)
HD (r)
kDT
= NHD exp
(
−
3r2
4R2HD
)
, (16)
where NHD is a model parameter determining the
strength of the interaction potential.17 A Flory-type the-
ory has been used to derive this interaction potential
on the basis of the experimentally determined Gaus-
sian functions I
(S)
H (q) and I
(S)
D (q) given by Eq. (14).
16,17
6Moreover, the hypernetted chain closure has been found
to be in very good agreement with computer simulation
data in the case of soft potentials.23,32
Figure 3 displays examples of measured and calcu-
lated scattering intensities of a mixture with the total
volume fraction φ = φH + φD = 0.15 (see Table I).
For the sample S1 (open squares) the composition is
φH = ρHVH = 0.12 and φD = ρDVD = 0.03. In the
case of the sample S2 (open circles) it is φH = 0.15 and
φD = 0. Sample S1 has been investigated at the match
point of the G4-H dendrimer, i.e., in a solvent where
the contrast b˜H is zero while b˜D = 1.65× 10
10 cm−2.
This contrast variation has been achieved by using mix-
tures of deuterated and protonated DMA as discussed in
Ref.10. For sample S2 (only G4-H) the contrast is given
by b˜H = −5.02× 10
10 cm−2. The results of the scat-
tering intensities as obtained from Eqs. (9) - (16) with
VH = VD = 9.9 nm
3, RHH = RDD = RHD = 1.4 nm,
and NHH = NDD = NHD (solid lines) are in agreement
with the experimental data. For comparison, the dashed
lines in Fig. 3 depict the modeling of the experimental
data assuming a mixture of noninteracting dendrimers
characterized by h
(cm)
HH (q) = h
(cm)
DD (q) = h
(cm)
HD (q) = 0 in
Eq. (9). For the sample S2 (only G4-H) the steric inter-
action between the dendrimers that is embodied in the
total correlation function h
(cm)
HH (q) leads to a strong de-
pression of the measured (open circles) and calculated
scattering intensity (upper solid line)
Icoh(q) =
φH b˜
2
H
VH
I
(S)
H (q)
(
1 +
φH
VH
hcm(q)
)
(17)
as compared to the results for noninteracting den-
drimers (upper dashed line). Here were have defined the
cm− cm total correlation function hcm(q) ≡ h
(cm)
HH (q) =
h
(cm)
DD (q) = h
(cm)
HD (q) because RHH = RDD = RHD and
NHH = NDD = NHD in Eq. (16). Moreover, we have
taken into account that the terms I
(I)
H (q) and I
(SI)
H (q)
are very small for the G4-H dendrimers as already men-
tioned. The difference between the solid and dashed line
in Fig 3 is considerably less pronounced in the case of
the scattering intensity of the sample S1 although the
cm − cm total correlation function hcm(q) = hcm(q, φ)
is the same for both samples. For the sample S1 the
intensity is given by
Icoh(q) =
φD
VD
(
b˜2DI
(S)
D (q) + 2b˜DI
(SI)
D (q) + I
(I)
D (q)
)
×
(
1 +
φD
VD
hcm(q)
)
. (18)
The contribution of the cm−cm total correlation function
hcm(q) is more pronounced for the sample S2 because the
prefactor φH = 0.15 in the last term in Eq. (17) is larger
than the corresponding prefactor φD = 0.03 in the last
term in Eq. (18).
Hence, sample S2 allows one to study the mutual in-
teraction between the dendrimers and the validity of the
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FIG. 4: Experimentally determined scattering intensities
Icoh(q)/φ of binary dendrimer mixtures with φH = 0.03,
φD = 0.2 for sample S3 (open squares) and φH = 0.23, φD = 0
for sample S4 (open circles). The scattering intensities have
been normalized to the total volume fraction φ = φH + φD.
Sample S3 has been investigated at the match point of the
G4-D dendrimers. The solid lines represent the scattering in-
tensity calculated for a dispersion of interacting dendrimers
as obtained from Eq. (17) for sample S4 and Eq. (19) for
sample S3, while the dashed lines depict the modeling with
hcm(q) = 0.
cm− cm Ornstein-Zernike equation approach, while the
sample S1 provides nearly direct information about the
shape of the dendrimers at high volume fraction. The fact
that the calculated scattering intensity (lower solid line)
only slightly deviates from the experimental data (open
squares) indicates that the shape of the dendrimers is
practically independent of the volume fraction φ ≤ 0.15
in contrast to pronounced conformational changes of flex-
ible polymers,33,34 bottle-brush polymers,35,36 and semi-
flexible polyelectrolytes37,38 in semi-dilute solution. For
all systems the contribution of the intermolecular inter-
actions to the total free energy increases upon increasing
the volume fraction. In order reduce this contribution a
softening of the stiffness of linear macromolecules occurs
because for a flexible macromolecule the excluded vol-
ume that is not available for the other macromolecules
is smaller than the corresponding one of a rigid macro-
molecule of the same contour length. As a result the
size of the macromolecules is reduced considerably upon
increasing the volume fraction. For example, the ra-
dius of gyration of the bottle-brush polymers studied in
Refs.35,36 decreases by the factor 1.8 upon increasing the
volume fraction from 0.002 to 0.04. In contrast, the flex-
ible and three-dimensional dendrimers under considera-
tion have to be considered as virtually shape-persistent
molecules for volume fractions φ ≤ 0.15.
Figure 4 displays examples of measured and calculated
scattering intensities of a mixture with the total volume
fraction φ = φH + φD = 0.23 with φH = 0.03, φD = 0.2
7in the case of the sample S3 (open squares) and φH = 0,
φD = 0.23 in the case of the sample S4 (open circles).
The total volume fraction of the dendrimers in these sam-
ples is comparable to the overlap volume fraction.21 Sam-
ple S3 has been investigated at the match point of the G4-
D dendrimer, i.e., in a solvent where the contrast b˜D is
zero while b˜H = −1.65× 10
10 cm−2. For sample S4 (only
G4-H) the contrast is given by b˜H = −5.02× 10
10 cm−2.
As before the nearly agreement of the open circles with
the results as obtained from the Ornstein-Zernike ap-
proach and the decoupling approximation (upper solid
line) indicates that the Gaussian cm − cm interaction
potential [Eq. (16)] is appropriate even at high volume
fractions. In the case of sample S3 all terms in Eq. (9)
contribute to the scattering intensity according to
Icoh(q) =
φH b˜
2
H
VH
I
(S)
H (q) +
φD
VD
I
(I)
D (q)
+
(
φH
VH
√
b˜2I
(S)
H (q) +
φD
VD
√
I
(I)
D (q)
)2
hcm(q) . (19)
The shape of Icoh(q) is mainly determined by the func-
tions I
(I)
D (q) and hcm(q) characterizing the distribution
of the deuterated end groups of the G4-D dendrimers
and the intermolecular correlations, respectively, because
φD ≫ φH . The small deviations between the lower solid
line and the open squares in Fig. 4 might be either due
to slight changes of the distribution of the end groups
as compared to the noninteracting system in dilute solu-
tion or due to the fact that the calculated cm− cm total
correlation function is not in exact agreement with the
experimental data as is apparent from sample S4. How-
ever, possible deformations of the dendrimers are very
weak as compared to the abovementioned linear macro-
molecules. For comparison we note that a computer sim-
ulation study has also revealed only very small deforma-
tions of flexible dendrimers, i.e., the overall size of those
dendrimers decreases by less than 2 % upon increasing
the volume fraction from infinite dilution to the overlap
volume fraction.21 Thus, we conclude that even in the
range of the overlap concentration the dendrimers pre-
serve their structure.
Finally the results shown in Fig. 3 and 4 demonstrate
that the decoupling approximation [Eq. (9)] may be used
as a first approximation although the height of the calcu-
lated peak of the scattering intensity at q ≈ 1.85 nm for
sample S4 is slightly higher than the experimental data.
A similar overestimation of the height of such peaks has
already been observed by comparing the results of the
decoupling approximation with exact evaluations of the
scattering intensity as obtained from a computer simula-
tion study of monodisperse dendrimers.21
V. SUMMARY
A general analysis of the scattering intensities of a bi-
nary mixture of dissolved dendrimers obtained by small-
angle neutron scattering has been presented. Partially
deuterated dendrimers [Fig. 1 (B)] have been mixed
with the same but protonated dendrimers [Fig. 1 (A)]
in dimethylacetamide which is a good solvent for this
system. Contrast variation has been used in order to ob-
tain partial scattering intensities allowing one to investi-
gate both the structure and the interaction of dendrimers
in concentrated solution. An interpretation of the par-
tial scattering intensities leads to the conclusion that the
overall structure of both dendrimers is identical and an
appreciable number of end groups must fold back into
the interior of the dendrimers in dilute solution [Fig. 2].
Binary dendrimer mixtures have been investigated at
various contrasts [Table I] in order to distinguish the in-
fluence of the shape of individual dendrimers from the
influence of intermolecular interactions on the scattering
intensities at high concentrations. The samples S1 and
S3 provide nearly direct information about the shape of
the dendrimers at high concentration. An analysis of the
measured scattering intensities for both samples [Figs. 3
and 4] has revealed that the shape of the dendrimers
is virtually independent of the concentration. Hence,
the flexible poly(propyleneamine) dendrimers of fourth
generation have to be considered as shape-persistent
molecules within the present limits of approximation.
The samples S2 and S4 allows one to study the mu-
tual interaction between the dendrimers at two differ-
ent concentrations. A comparison of the measured scat-
tering intensities with the calculated ones [Figs. 3 and
4] demonstrate that the center-of-mass Ornstein-Zernike
relations [Eq. (12)] together with the hypernetted chain
closure [Eq. (15)] and the Gaussian interaction potential
[Eq. (16)] may be used as a good approximation although
the height of the calculated peak of the scattering inten-
sities are slightly higher than the experimental data.
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